Objective-Vascular endothelial growth factor (VEGF) is one of the most important pro-angiogenic cytokines. Ability of VEGF to stimulate formation of superoxide anion in vivo has not been studied. We hypothesized that in vivo expression of recombinant VEGF in the rabbit carotid artery increases production of superoxide anion. Methods and Results-Plaque-forming units (10 9 ) of adenovirus-encoding human VEGF 165 (AdVEGF) or ␤-galactosidase (AdLacZ) were delivered into the lumen of rabbit carotid arteries. Three days after gene delivery, expression of recombinant proteins was detected in endothelium and smooth muscle cells. Endothelium-dependent relaxations to acetylcholine were impaired in AdVEGF-transduced arteries (PϽ0.01; nϭ5). Treatment with superoxide dismutase mimetic, Mn(III) tetra(4-benzoic acid) porphyrin chloride (10 Ϫ5 mol/L), improved relaxations to acetylcholine (PϽ0.01; nϭ5). Western blot analysis demonstrated increased expression of p47 phox in AdVEGF-transduced arteries (PϽ0.05; nϭ8). Lucigenin chemiluminescence showed significantly higher production of superoxide anion in AdVEGFtransduced arteries (PϽ0.05; nϭ5 to 10). Conclusions-Our results suggest that in vivo expression of recombinant VEGF in the vascular endothelium increases local production of superoxide anion. Superoxide anion appears to be an important mediator of vascular effects of VEGF in vivo. (Arterioscler Thromb Vasc Biol. 2005;25:506-511.) 
V ascular endothelial growth factor (VEGF) stimulates endothelial cell migration, differentiation, and regeneration, 1, 2 which are essential for its pro-angiogenic activity. 1, 3 VEGF has been used extensively to stimulate therapeutic angiogenesis. 4 Previous in vivo studies have suggested that VEGF not only augments the formation of collateral vessels but also modifies their vasomotor responses. 5 Bauters et al demonstrated that administration of VEGF resulted in improved endothelium-dependent responses of large collateral vessels. 6 Despite the potential beneficial therapeutic effect of VEGF, experimental studies have raised concerns about the safety of VEGF-mediated angiogenesis. Recent reports indicated that transgenic 7 or adenoviral 8 overexpression of VEGF resulted in formation of leaky vessels in laboratory animals, and that plasmid-based intramuscular VEGF gene transfer led to transient edema in human subjects. 9, 10 Celletti et al showed that recombinant human VEGF was capable of mobilizing macrophages/monocytes while simultaneously increasing atherosclerotic plaque formation and progression. 11, 12 It has been known that vascular and cardiac tissues are rich sources of reactive oxygen species (ROS), including superoxide anion and nitric oxide (NO). Virtually every cell type in the vascular wall has been shown to produce and to be regulated by ROS. 13, 14 ROS play an important role in vascular homeostasis by affecting signal transduction, proliferation, apoptosis, aging, gene expression, and the biologically effective concentration of NO. [15] [16] [17] [18] A number of studies have demonstrated that the inhibitory effect of superoxide anion on endothelium-dependent relaxation is caused by chemical antagonism between superoxide anion and NO. 19 -24 Recently, 2 reports have suggested that VEGF stimulates production of superoxide anion in cultured endothelial cells by an NAD(P)H oxidase-dependent mechanism. 25, 26 However, there is no in vivo evidence that VEGF 165 stimulates production of superoxide anion. In this study, we provide evidence that VEGF 165 increases production of superoxide anion in vivo, and that this effect may be primarily caused by activation of NAD(P)H oxidase. er. 27 This vector was provided by the vector core facility, Molecular Medicine Institute, at University of Pittsburgh (Pittsburgh, Pa). A replication-deficient recombinant adenoviral vector encoding the Escherichia coli ␤-galactosidase gene (AdLacZ) driven by the cytomegalovirus promoter was used as a control. This vector was provided by the Gene Transfer Vector Core at University of Iowa.
In Vivo Carotid Artery Gene Transfer
Male New Zealand White rabbits weighing 2.0 to 3.0 kg were used in these experiments. Housing facilities and all procedures were in accordance with the Institutional Animal Care and Use Committee guidelines of Mayo Clinic. The method of transduction of the vessel segment was the same as previously described. 28 Briefly, anesthesia was induced by an intramuscular injection of ketamine (35 mg/kg), xylazine (5 mg/kg), and acepromazine (2.3 mg/kg). The common carotid arteries were exposed, and heparin sodium (300 U/kg) was administered intravenously. Proximal and distal vascular clamps were then applied. After insertion of a 24-gauge vascular catheter into the proximal part of the isolated segment, an adenoviral (AdLacZ or AdVEGF) load of 1ϫ10 9 plaque-forming units in 100 L of sterile phosphate-buffered saline (PBS) was instilled intraluminally. After 20 minutes, vascular clamps were removed, flow was restored, and the rabbit was allowed to recover. After 3 days, the rabbit was euthanized, and carotid arteries were harvested. We used untreated arteries or those treated with the sterile PBS alone as a control.
Analyses of Vasomotor Function
Rings (4-mm-long) from each carotid artery were connected to a force transducer for recording of isometric force and placed in organ baths filled with 25 mL of the modified Krebs solution (118.3 mmol/L NaCl, 25 mmol/L NaHCO 3 , 4.7 mmol/L KCl, 2.5 mmol/L CaCl 2 , 1.2 mmol/L KH 2 PO 4 , 1.2 mmol/L MgSO 4 , 0.026 mmol/L EDTA, and 11.1 mmol/L glucose; pH 7.4) at 37°C (94% O 2 , 6% CO 2 ). Isometric force was recorded continuously, and the rings were allowed to stabilize at 0.2 grams for 1 hour. Each ring was then gradually stretched to 3.0 grams. The rings were incubated with indomethacin (10 Ϫ5 mol/L) for 30 minutes before exposure to other drugs. The contraction responses to phenylephrine (10 Ϫ9 to 10 Ϫ5 mol/L) were examined before exposure to acetylcholine or diethylammonium(Z)-1-(N,N-diethylamino)diazen-1-IM1,2-diolate (DEA-NONOate). These contractions were expressed as a percentage of the maximal contraction induced by phenylephrine. The relaxation responses to acetylcholine (10 Ϫ9 to 10 Ϫ5 mol/L) or DEA-NONOate (10 Ϫ9 to 10 Ϫ5 mol/L) were studied during submaximal contractions to phenylephrine. These relaxations were determined as a percentage of relaxation to a high concentration of papaverine (3ϫ10 Ϫ4 mol/L). In a separate protocol, a novel cellpermeable superoxide dismutase (SOD) mimetic, Mn(III) tetra(4benzoic acid) porphyrin chloride (MnTBAP) (10 Ϫ5 mol/L), was incubated for 15 minutes before the contraction or relaxation responses.
Detection of ␤-Galactosidase Expression
Segments of rabbit carotid arteries transduced with AdLacZ or AdVEGF were washed in PBS and fixed for 30 minutes at room temperature in 2% formaldehyde and 0.2% glutaraldehyde in PBS (pH 7.4). One milliliter of a solution of 500 g/mL 5-bromo-4chloro-3-indolyl-␤-D-galactoside (X-gal) was added to the rings, and these were incubated for 1 hour at 37°C. After a rinsing with PBS, vessel segments were cut into 3-mm rings and embedded in paraffin. Five-m-thick cross-sections spaced at least 100 m apart were cut from each segment and counterstained with nuclear fast red (ICN Biomedicals Inc). The sections were examined under a light microscope. Efficiency of gene transfer to the endothelium was determined by counting and calculating percentage of stained cells.
Immunohistochemical Analysis
Staining was performed on deparaffinized sections. Endogenous peroxidases were blocked with 20-minute incubation in 0.3% H 2 O 2 in methanol. Nonspecific binding was blocked by incubation of tissue with diluted goat serum for 20 minutes. Sections were then incubated with monoclonal anti-VEGF antibody (1:100; Santa Cruz Biotechnology) for 3 hours at room temperature. Secondary antibody from Vectastain Elite ABC Kit (Vector Laboratories) was applied to sections for 1 hour at room temperature. For visualization, sections were incubated with DAB substrate (Vector Laboratories) for 10 seconds and counterstained with hematoxylin. Negative controls were performed by omitting the primary antibody.
Western Blot Analyses
After collection and removal of connective tissue, carotid arteries were homogenized on ice in lysis buffer (pH 7.5) containing 50 mmol/L Tris-HCl, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1% IGEPAL, 0.1% SDS, 0.1% deoxycholate, and a 100-fold dilution of a mammalian protease inhibitor cocktail (Sigma Chemical Co). Equal amounts of protein (100 g) were separated by SDS-PAGE and transferred to nitrocellulose membrane (Amersham Biosciences). Monoclonal anti-VEGF (1:200; Santa Cruz Biotechnology), anti-p47 phox (1:500; BD Transduction Laboratories), anti-phosphorylated endothelial nitric oxide synthase (phosphorylated eNOS) (1:500; BD Transduction Laboratories), anti-inducible nitric oxide synthase (iNOS) (1:500; BD Transduction Laboratories), and polyclonal anti-manganese superoxide dismutase (MnSOD) (1:500; Stressgen Biotechnologies) antibodies were used. Monoclonal antiactin (1:50 000; Sigma-Aldrich Chemical Co) antibody was used as loading control. Bands were visualized by enhanced chemiluminescence using an ECL system kit (Amersham Biosciences).
Densitometry was performed using National Institutes of Health Image (Scion-Image; Scion Corporation), and the results were expressed in relative densitometry as compared with actin.
Oxidative Fluorescence Microscopy
The oxidative fluorescent dye dihydroethidium was used to detect superoxide anion. 29 Unfixed frozen segments of carotid arteries were cut into 15-m-thick sections and placed on a glass slide. Samples were incubated with dihydroethidium (1ϫ10 Ϫ6 mol/L) in a lightprotected humidified chamber for 30 minutes at 37°C. Tissue sections were imaged of an Olympus Fluoview laser scanning confocal microscope.
Quantification of Vascular Superoxide Anion Production
Production of superoxide anion was measured by lucigeninenhanced chemiluminescence as previously described. 30 Briefly, rings from each carotid artery were opened length-wise and equilibrated for 30 minutes at 37°C (5% CO 2 incubator) in the modified Krebs-HEPES buffer (135.3 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl 2 , 1.2 mmol/L KH 2 PO 4 , 1.2 mmol/L MgSO 4 , 0.026 mmol/L EDTA, 10.1 mmol/L glucose, and 20 mmol/L HEPES; pH 7.4). Scintillation vials containing 2 mL modified Krebs-HEPES buffer with 5 mol/L lucigenin were placed into a scintillation counter (LS 5000; Beckman Instruments Inc) switched to the out-of-coincidence mode. Background signals were recorded, and vascular segments were then added to each vial. In some experiments, vessels were preincubated with a NAD(P)H oxidase inhibitor, apocynin 31 (100 mol/L), or a phosphatidylinositol-3 kinase inhibitor, wortmannin 32 (30 mol/L), for 30 minutes at 37°C (5% CO 2 incubator) before addition of lucigenin. The results were expressed as counts per minute per milligram dry weight.
Measurement of Cyclic Guanosine 3, 5-Monophosphate
From each harvested carotid artery, rings were immersed immediately in a solution of 3-isobutyl-L-methylxanthine (IBMX; 1 mmol/L) and incubated for 30 minutes at 37°C (5% CO 2 incubator). The tissues were frozen in liquid nitrogen and stored at Ϫ80°C until the time of assay. After homogenization of arteries, a radioimmunoassay kit (Amersham Biosciences) was used to perform the measurement as previously described. 33 Tissues were analyzed in parallel, and the results were expressed as pmol/mg protein.
Measurements of Biopterin and GTPCH I Activity
Tetrahydrobiopterin (BH4) and oxidized biopterin (BH2) were determined after differential oxidation in acid and base conditions by reverse-phase high-performance liquid chromatography as previously described. 28 Activity of GTP cyclohydrolase I (GTPCH I), the rate-limiting enzyme in BH4 synthesis, was assessed as a function of neopterin production under standard conditions with GTP as a substrate. 28 All results in carotid arteries were normalized against tissue protein levels.
Histology
Common carotid arteries were fixed in buffered formalin (4%) and kept for 48 hours at room temperature. Tissues were embedded in paraffin and processed for light microscopy using standard hematoxylin and eosin staining.
Drugs
The following pharmacological agents were used: indomethacin, phenylephrine, acetylcholine, papaverine, apocynin, wortmannin, and IBMX (all from Sigma Chemical Co), DEA-NONOate (Cayman Chemical Co), MnTBAP (BIOMOL Laboratories), Xgal (Invitrogen Corporation), and dihydroethidium and lucigenin (Molecular Probes Inc). Protein levels throughout the study were determined with the use of a DC protein assay kit (Bio-Rad Laboratories).
Statistical Analyses
Results are expressed as meanϮSEM, for n rabbits used in each experimental protocol. The concentration-response curves were analyzed by 2-way ANOVA followed by Bonferroni method for multiple comparisons. Half-maximal effective concentrations (EC 50 ) were calculated by nonlinear regression and expressed as Ϫlog M. The superoxide anion production was analyzed by 1-way ANOVA followed by Dunnett method for multiple comparisons. The optical intensity values, cyclic guanosine 3Ј, 5Ј-monophosphate (cGMP), biopterin levels, and GTPCH I activity were analyzed by an unpaired Student t test for simple comparisons between 2 groups. A value of PϽ0.05 was considered statistically significant.
Results

Confirmation of Gene Transfer
Arteries transduced with AdLacZ showed transgene expression in the endothelium as confirmed with X-gal staining ( Figure 1A) . In contrast, there was no X-gal staining in arteries transduced with AdVEGF ( Figure 1A) . The efficiency of gene transfer was quantified at 31Ϯ7% (nϭ4) of endothelial cells.
Detection and Localization of VEGF Expression
Immunohistochemical staining of sections of AdVEGF arteries showed the expression of VEGF in the endothelium and media ( Figure 1B) . In contrast, there was not detectable expression of VEGF in AdLacZ arteries ( Figure 1B) . High expression of recombinant human VEGF 165 protein was confirmed in carotid arteries after 72 hours of transduction with AdVEGF by Western blot analysis ( Figure 1C ). There was not detectable expression of VEGF in untreated arteries or those treated with PBS alone (nϭ3; data not shown).
Histology and Vascular Structure
No morphological or inflammatory changes were observed in rabbit carotid arteries transduced with AdLacZ or AdVEGF, 3 days after gene delivery (nϭ3; data not shown).
Vasomotor Function
In AdVEGF arteries, contractions to phenylephrine were significantly reduced as compared with AdLacZ arteries (Figure 2A ). Endothelium-dependent relaxations to acetylcholine were significantly impaired in AdVEGF arteries ( Figure 2B ), whereas endothelium-independent relaxations to DEA-NONOate did not differ between AdLacZ and AdVEGF arteries (Pϭ0.98; nϭ5). Treatment with MnTBAP significantly improved relaxations to acetylcholine in AdVEGF arteries ( Figure 2C) . In contrast, contractions to phenylephrine and relaxations to DEA-NONOate were not affect by MnTBAP in AdLacZ and AdVEGF arteries (nϭ5; data not shown). In addition, there was no difference of vasomotor function among untreated arteries, those treated with PBS alone and AdLacZ arteries (EC 50 to acetylcho-lineϭ7.2Ϯ0.2 Ϫlog M, 6.9Ϯ0.1 Ϫlog M, and 6.9Ϯ0.1 Ϫlog M; maximum relaxationϭ97Ϯ3%, 96Ϯ4%, and 90Ϯ4%, respectively; nϭ5).
Vascular Superoxide Anion Production
After loading with the oxidation-sensitive dye dihydroethidium, a marked increase in ethidium bromide fluorescence was found throughout the vascular wall of AdVEGF arteries, which reflected an increase in superoxide anion compared with AdLacZ arteries ( Figure 3A ) or those treated with PBS alone (data not shown). The increase in ethidium bromide fluorescence was observed mainly in endothelial cells, and to a lesser degree in vascular smooth muscle cells ( Figure 3A) . Lucigenin-enhanced chemiluminescence showed significantly higher superoxide anion levels in Ad-VEGF arteries compared with AdLacZ arteries ( Figure 3B ). Increased production of superoxide anion was significantly reduced in the presence of 100 mol/L apocynin ( Figure 3B ). In contrast, 30 mol/L wortmannin had no effect ( Figure 3B ).
Expressions of Protein by Western Blot Analysis
Expressions of p47 phox (Figure 4 ) and phosphorylated eNOS ( Figure 5A ) protein were increased in AdVEGF arteries compared with AdLacZ arteries. In contrast, expressions of iNOS and MnSOD protein were not different between Ad-LacZ and AdVEGF arteries (nϭ4, data not shown).
cGMP Levels
Production of cGMP was significantly increased in AdVEGF arteries as compared with AdLacZ arteries ( Figure 5B ). Figure 6A ), BH2 ( Figure 6B ) levels, and the BH4 as a percentage of total biopterin ( Figure 6C ) did not differ between AdLacZ and AdVEGF arteries. In addition, GTPCH I activity was not significantly affected by AdVEGF delivery to the carotid arteries (nϭ7; data not shown).
Biopterin Levels and GTPCH I Activity
BH4 (
Discussion
This is the first in vivo study to demonstrate stimulatory effect of recombinant VEGF on generation of superoxide anion in arterial wall. Pharmacological analysis of vasomotor function in arteries expressing recombinant VEGF demonstrates that impairment of endothelium-dependent relaxations to acetylcholine is mediated by increased formation of superoxide anion. Consistent with this observation, we provide evidence that recombinant VEGF upregulates expression of p47 phox protein, essential subunit of NAD(P)H oxidase, and that pharmacological inhibition of NAD(P)H oxidase normalizes production of superoxide anion. These findings strongly suggest that NAD(P)H oxidase may be the major source of superoxide anion in arteries exposed to high local concentration of VEGF. Our findings are also the first to our knowledge to demonstrate that recombinant VEGF does not affect vascular metabolism of tetrahydrobiopterin, an essential co-factor required for enzymatic activity of eNOS, suggesting that uncoupled eNOS is an unlikely source of superoxide anion in the VEGF-transduced rabbit carotid artery. Consistent with our previous studies, 28, 34 adenovirusmediated gene delivery into endothelial cells of carotid artery resulted in significant increase of recombinant VEGF expression in arterial wall. Increase in VEGF expression was associated with high expression of phosphorylated eNOS protein, as well as high levels of cGMP. Previous studies demonstrated that in vascular endothelium VEGF stimulates production of NO by phosphorylating eNOS via activation of phosphatidylinositol-3-OH-kinase (PI3K) and protein kinase B (Akt). 35, 36 Although we did not directly measure production of NO, high levels of cGMP most likely reflect increased production of NO in VEGF transduced arteries. We did not detect expression of iNOS, further suggesting that high local production of NO in carotid artery was caused by stimulatory effect of VEGF on eNOS activity. This effect of VEGF may explain reduced vasoconstriction in response to phenylephrine. In our previous studies, we demonstrated that elevation of NO production and its second messenger cGMP had inhibitory effect on vasomotor function, including vasoconstrictor effects to endothelin-1 and uridine 5Јtriphosphate. 37, 38 Overexpression of VEGF reduced endothelium-dependent relaxations to acetylcholine. The inhibitory effect of VEGF was prevented by the presence of superoxide anion scavenger, MnTBAP, strongly suggesting that high production of superoxide anion is responsible for impairment of endothelial function. MnTBAP normalized endothelium-dependent relaxations in VEGF-transduced arteries but did not affect relaxations to acetylcholine in LacZ-transduced blood vessels, demonstrating selectivity of superoxide anion scavenger.
To characterize the source of superoxide anion in arterial wall, we examined expression of p47 phox protein, an important component of NAD(P)H oxidase. 39 In vivo transduction of carotid artery with recombinant VEGF caused significant increase of p47 phox protein expression, suggesting that increased activity of NAD(P)H oxidase is the most likely source of superoxide anion. Our conclusion was reinforced by the fact that an inhibitor of NAD(P)H oxidase, apocynin, normalized production of superoxide anion. These findings are in agreement with reported ability of VEGF to increase formation of ROS and activity of NAD(P)H oxidase in cultured endothelial cells. 25 Interestingly, Abid et al proposed that NAD(P)H oxidase mediated increase in concentration of ROS is an important signaling mechanism required for upregulation of MnSOD expression. In vivo, we could not detect higher expression of MnSOD in rabbit carotid artery transduced with recombinant VEGF. The reasons for discrepancy between in vitro and in vivo findings are unclear, but could be caused by inherent difference in superoxide anion production of cultured endothelium versus endothelium of intact carotid artery. Expression of VEGF did not affect metabolism of BH4. This conclusion was supported by the fact that VEGF did not affect BH4 levels or GTPCH I enzymatic activity. Most importantly, despite detected increase in superoxide anion formation in VEGF-transduced arteries, ratio between reduced (BH4) and oxidized (BH2) biopterin remained normal. This is an important observation demonstrating that level of oxidative stress induced by expression of recombinant VEGF does not cross the threshold needed for oxidation of BH4 reported in cardiovascular diseases associated with high production of ROS and subsequent uncoupling of eNOS. 40 Consistent with this conclusion, wortmannin, a selective inhibitor of PI3K, did not affect production of superoxide anion, ruling out the possibility that uncoupled eNOS activated by VEGF (via PI3K/Akt pathway) contributes to production of superoxide anion. Whether recombinant VEGF expression in diseased arteries chronically exposed to high oxidative stress may contribute to vascular dysfunction by stimulating superoxide anion production is unknown. However, our observations regarding ability of VEGF to activate NAD(P)H oxidase and increase production of superoxide anion may help to explain controversial findings reported in patients treated with VEGF. 9, 10, 41 It is conceivable that in patients with cardiovascular disease, differences in redox background may have decisive impact on therapeutic effect of VEGF. The results of the present study demonstrate that in the rabbit carotid artery, adenovirus-mediated delivery of recombinant VEGF stimulates production of superoxide anion most likely caused by upregulation of NAD(P)H oxidase expression and enzymatic activity. Our findings suggest that redox state of the vascular wall may be an important determinant of the beneficial effect of VEGF in treatment of cardiovascular disease.
